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Fluctuations and correlations of conserved charges are sensitive observables for studying the QCD
phase transition and critical point in high-energy heavy-ion collisions. We have studied the cen-
trality and energy dependence of mixed-cumulants (up to fourth order) between net-baryon and
net-strangeness in Au+Au collisions at
√
sNN= 7.7, 11.5, 19.6, 27, 39, 62.4, 200 GeV from UrQMD
model. To compare with other theoretical calculations, we normalize these mixed-cumulants by
various order cumulants of net-strangeness distributions. We found that the results obtained from
UrQMD calculations are comparable with the results from Lattice QCD at low temperature and
hadron resonance gas model. The ratios of mixed-cumulants (RBS11 , R
BS
13 , R
BS
22 , R
BS
31 ) from UrQMD
calculations show weak centrality dependence. However, the mixed-cumulant ratios RBS11 and R
BS
31
show strong increase at low energy, while the RBS13 snd R
BS
22 are similar at different energies. Further-
more, we have also studied the correlations between different hadron species and their contributions
to the net-baryon and net-strangeness correlations. These models studies can provide baselines for
searching for the signals of QCD phase transition and critical point in heavy-ion collisions.
I. Introduction
Fluctuations and correlations of the conserved charges
have been proposed to be sensitive observables to study
the QCD phase transition and Critical Point (CP) in
relativistic heavy-ion collisions [1–5]. Theoretical calcu-
lations show that fluctuations and correlations of con-
served charges are distinctly different in the hadronic and
Quark Gluon Plasma (QGP) phases [6]. In the decon-
fined state of quarks and gluon, the elementary set of
conserved charges are given by the corresponding quark
flavors: net upness(∆u=u-u), net downess(∆d=d-d)and
net strangeness(∆s=s-s) [7–10]. In hadronic state the
conserved charges are net-baryon (B), net-charge (Q) and
net-strangeness (S). Recently, Lattice QCD calculations
have shown that various order (up to fourth order) net-
strangeness (S) fluctuations and their correlations with
net-charge (Q) and net-baryon (B) are quite sensitive to
the quark-hadron phase transition [10].
In the years 2010∼2014, Relativistic Heavy Ion Col-
lider (RHIC) has completed the first phase of the beam
energy scan (BES) program [11]. In this program the
the collision energies in Au+Au collisions were tuned to
explore the QCD phase structure at high baryon den-
sity [12–14]. The STAR experiment at RHIC has col-
lected Au+Au collisions data with
√
sNN = 7.7, 11.5,
14.5, 19.6, 27, 39, 62.4, 200 GeV, respectively. One of
the experimental motivation is to measure the correla-
tions between net-baryon and net-strangeness with these
experimental data collected to study the QCD phase
transition in heavy-ion collisions [16]. In order to pro-
vide baselines for the correlation measurements to study
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the phase transition, we have calculated these observ-
ables in Au+Au collisions at RHIC BES energies with
UrQMD model and compared them to the model results
from Lattice QCD and hadron resonance gas model. In
addition given at lower energies we expect to see the
effect of baryon stopping and associated production of
strangeness, we have also studied the contributions of
various hadron species to the baryon-strangeness corre-
lations.
The paper is organised as follows. In the next section,
we briefly review about fluctuations and correlations of
conserved charges in hadronic and quark-gluon plasma
states and give the corresponding results from hadronic
resonance gas model and Lattice QCD. In section III, we
present the mixed-cumulant ratios of net-baryon and net-
strangeness and also discuss the contribution of strange
baryons to the baryon-strangeness correlations in Au+Au
collisions at RHIC BES energies from UrQMD model.
Then, we give a brief summary in section IV. Finally, we
present as an appendix the statistical error calculations
for various order mixed-cumulants.
II. UrQMD Model
The UrQMD (Ultra relativistic Quantum Molecular
Dynamics) model [17, 18] is based on a microscopic
transport theory where the phase space description of
the reactions are considered. It treats the propagation
of all hadrons on classical trajectories in combination
with stochastic binary scattering, color string formation
and resonance decay. It incorporates baryon-baryon,
meson-baryon and meson-meson interactions, the colli-
sional term includes more than 50 baryon species and
45 meson species. The model preserves the conserva-
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2tion of electric charge, baryon number and strangeness
number as expected for a QCD matter. It also mod-
els the phenomena of baryon-stopping an essential fea-
ture encountered in high energy heavy-ion collisions at
lower beam energies. The model does not include quark-
hadron phase transition or the QCD critical point. It
can simulate heavy-ion collisions in the energy range from
SIS (SchwerIonen Heavy-ion Synchrotron) to Relativistic
Heavy Ion Collider (RHIC) and even for the heavy-ion
collisions at the Large Hadron Collider(LHC) [19–21].
In this model, the space-time evolution of the fireball is
studied in terms of excitation and fragmentation of color
strings and formation and decay of hadronic resonances.
The comparison of the data (this paper deals with B-
S correlations) onto those obtained from UrQMD model
will tell about the contribution from the hadronic phase
and its associated processes.
III. Observables
In statistics, the generating function of mixed-
cumulants for random variables, X1, X2, ..., Xn(n > 2)
are defined as:
G(t1, t2, ..., tn) = log〈e
∑n
i=1
(tjXj)〉. (1)
Then, the mixed-cumulants of random variables X1, X2,
..., Xn(n > 2) can be expressed as [23]:
C(X1, X2, ..., Xn)=
∑
pi
(|pi| − 1)!(−1)(|pi|−1)
∏
C∈pi
E(
∏
i∈C
Xi) =
∑
pi
(|pi| − 1)!(−1)(|pi|−1)
∏
C∈pi,|C|≥2
E(
∏
i∈C
δXi). (2)
where pi runs through the list of all partitions of 1,2,...n,
C runs through the list of all blocks of partitions pi, |pi|
is the number of parts in the partition and |C| is the
number of parts in the block C.
In mixed-cumulants analysis, we use B,S to represent
the net-baryon number and net-strangeness in one event.
The average value over whole event ensemble is denoted
by 〈B〉, 〈S〉. The deviation of B, S from their mean
value are expressed by δB = B − 〈B〉, δS = S − 〈S〉, re-
spectively. Thus, according to Eq. 2, the various order
mixed-cumulants of event-by-event distributions of the
two random variables B and S are defined as:
C(S, S) = CS2 = 〈(δS)2〉, (3)
C(B,S) = CBS11 = 〈δBδS〉, (4)
C(S, S, S, S) = CS4 = 〈(δS)4〉 − 3〈(δS)2〉, (5)
C(B,S, S, S) = CBS13 = 〈δB(δS)3〉 − 3〈δBδS〉〈(δS)2〉, (6)
C(B,B, S, S) = CBS22 = 〈(δB)2(δS)2〉 − 2〈(δBδS)2〉 − 〈(δB)2〉〈(δS)2〉, (7)
C(B,B,B, S) = CBS31 = 〈(δB)3δS〉 − 3〈δBδS〉〈(δB)2〉. (8)
Once we have the definition of mixed-cumulants, the
ratio of mixed-cumulants can be calculated. A system in
thermal equilibrium (for a grand-canonical ensemble) can
be characterised by its pressure [25]. The dimensionless
pressure of a hadron resonance gas is expressed through
the logarithm of the QCD partition function [26]:
P
T 4
=
1
V T 3
ln[Z(V, T, µB , µS , µQ)]
=
1
2pi
∑
i∈X
gi(
mi
T
)2K2(
mi
T
)
× cosh(BiµˆB +QiµˆQ + SiµˆS). (9)
where gi is the degeneracy factor for hadrons of mass
mi, and µˆq ≡ µqT , with q = Bi, Si, Qi denote the net-
baryon number, net-strangeness and the net-charge, and
µB , µS , µQ are the corresponding chemical potentials re-
spectively. For simplicity, we have set the electric charge
chemical potential µˆQ = 0. These dimensionless fluctu-
ations and correlations of conserved charges (net-baryon
number B, net-strangeness S) are formally equivalent to
the Taylor expansion coefficients of the pressure with the
respective chemical potentials [27–29]:
χBSmn(T, ~µ) =
∂(m+n)[P (µˆB , µˆS)/T
4]
∂µˆmB µˆ
n
S
|µB=µS=0. (10)
where µˆB =
µB
T and µˆS =
µS
T are the dimensionless
baryon and strangeness chemical potentials, χBS0n ≡ χSn
and χBSm0 ≡ χBm. They are also called generalised sus-
ceptibilities. All these derivatives are evaluated at µB =
µS = 0, the expectation values of all net charge numbers
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FIG. 1. Baryon-strangeness (top) and electric charge-
strangeness correlation (bottom), properly scaled by the
strangeness fluctuations and the power of the fractional bary-
onic and electric charges [see Eq. 12]. The figure is from [24].
vanish, i.e., 〈B〉 = 〈S〉 = 0 [30]. Theoretically, the mixed-
cumulants of these conserved quantities are connected to
the corresponding susceptibilities by :
CBSmn = V T
3χBSmn(T, ~µ). (11)
where the V, T denotes respectively, the volume and tem-
perature of the system.
If above the transition temperature the quarks can be
well described by uncorrelated quasiparticles, then any
object which carries strangeness necessarily is a strange
quark, then carries baryon number which in proportion
to strangeness, Bs = − 13Ss[31]. And also, from Eq. 10,
we can derive:
χBSmn
χSm+n
=
(−1)n
3m
. (12)
where m,n > 0 and m + n = 2, 4 . Thus one expects
baryon number and strangeness to be correlated stronger
in a quark-gluon plasma than in a hadron gas. The hot
medium created in relativistic heavy ion collisions is an
expanding system, the spatial volume is changing with
time evolution. In order to cancel the effect of the spa-
tial volume dependence to first order, the ratios
χBS11
χS2
,
χBS13
χS4
,
χBS22
χS4
,
χBS31
χS4
are constructed. In order to quantify this
and make these ratios to be unity for system where the
relevant degree of freedom are quarks, we introduce the
following normalised ratios in Eq. 13-16:
RBS11 = −3
CBS11
CS2
= −3 〈BS〉 − 〈B〉〈S〉〈S2〉 − 〈S〉2 , (13)
RBS13 = −3
CBS13
CS4
= −3 〈BS
3〉 − 3〈BS2〉〈S〉 − 3〈BS〉(〈S2〉 − 2〈S〉2) + 6〈B〉〈S〉(〈S2〉 − 〈S〉2)− 〈B〉〈S3〉
〈S4〉 − 4〈S3〉〈S〉 − 3〈S2〉2 + 12〈S2〉〈S〉2 − 6〈S〉4 , (14)
RBS22 = 9
CBS22
CS4
= 9
〈B2S2〉 − 2〈B2S〉〈S〉 − 2〈BS〉(〈BS〉 − 4〈B〉〈S〉)− 2〈BS2〉〈B〉+ 2〈B〉2(〈S2〉 − 3〈S〉2)− 〈B2〉〈S2〉
〈S4〉 − 4〈S3〉〈S〉 − 3〈S2〉2 + 12〈S2〉〈S〉2 − 6〈S〉4 , (15)
RBS31 = −27
CBS31
CS4
= −27 〈B
3S〉 − 3〈B2S〉〈B〉 − 3〈BS〉(〈B2〉 − 2〈B〉2) + 6〈B〉〈S〉(〈B2〉 − 〈B〉2)− 〈B3〉〈S〉
〈S4〉 − 4〈S3〉〈S〉 − 3〈S2〉2 + 12〈S2〉〈S〉2 − 6〈S〉4 . (16)
At vanishing chemical potentials, the mean values of
the conserved charges are vanishing 〈B〉 = 〈S〉 = 0, the
above equations can be simplified as:
RBS11 |µB ,µS=0 = −3
〈BS〉
〈S2〉 , (17)
RBS13 |µB ,µS=0 = −3
〈BS3〉 − 3〈BS〉〈S2〉
〈S4〉 − 3〈S2〉2 , (18)
RBS22 |µB ,µS=0 = 9
〈B2S2〉 − 3〈B2〉〈S2〉
〈S4〉 − 3〈S2〉2 , (19)
RBS31 |µB ,µS=0 = −27
〈B3S〉 − 3〈BS〉〈B2〉
〈S4〉 − 3〈S2〉2 . (20)
For illustration and discussion purpose, the formula with
µB=µS=0 are just to demonstrate a special case, which
is not used in the calculations presented subsequently.
A. Baryon-Strangeness Correlations in
the Quark Gluon Plasma
At high temperature, the basic degrees of freedom are
weakly interacting quarks and gluons. The quark opera-
tors u, d, s represent the net-quark number of up, down
and strange quarks. We expressed RBS11 , R
BS
13 , R
BS
22 and
4RBS31 in terms of quark degrees of freedom, noting that
the baryon number of a quark is 13 and the strangeness
of a strange quark is negative one[32]. In terms of quark
flavours, the various order ratios RBS11 , R
BS
13 , R
BS
22 , R
BS
31
can be written as:
RBS11 |µB ,µS=0 =
〈(u+ d+ s)s〉
〈s2〉 = 1 +
〈us〉+ 〈ds〉
〈s2〉 , (21)
RBS13 |µB ,µS=0 =
〈(u+ d+ s)s3〉 − 3〈(u+ d+ s)s〉〈s2〉
〈s4〉 − 3〈s2〉2 = 1 +
〈us3〉+ 〈ds3〉 − 3(〈us〉+ 〈ds〉)〈s2〉
〈s4〉 − 3〈s2〉2 , (22)
RBS22 |µB ,µS=0 =
〈(u+ d+ s)2s2〉 − 3〈(u+ d+ s)2〉〈s2〉
〈s4〉 − 3〈s2〉2
= 1 +
〈(u+ d)2s2〉+ 2〈(u+ d)s3〉 − 3[〈(u+ d)2〉+ 2〈(u+ d)s〉]〈s2〉
〈s4〉 − 3〈s2〉2 , (23)
RBS31 |µB ,µS=0 =
〈(u+ d+ s)3s〉 − 3〈(u+ d+ s)s〉〈(u+ d+ s)2〉
〈s4〉 − 3〈s2〉2
= 1 +
〈(u+ d)3s〉+ 3〈(u+ d)2s2〉 − 3〈(u+ d)2〉〈s2〉+ 3〈(u+ d)s3〉
〈s4〉 − 3〈s2〉2
− −3〈(u+ d)s〉[〈(u+ d)
2〉+ 2〈(u+ d)s〉+ 3〈s2〉]
〈s4〉 − 3〈s2〉2 . (24)
For uncorrelated quark flavours, off-diagonal sus-
ceptibilities are vanishing compared to the diago-
nal susceptibilities[33, 34], susceptibilities inclusive of
strangeness are smaller than those which involve lighter
flavours[35–37], then we have
〈us〉 = 〈ds〉 = 0, (25)
χus = χds ≤ χud  χs ≤ χd = χu, (26)
and thus
RBSmn|µB ,µS=0 = 1. (27)
where m,n > 0 and m+n=2, 4.
In the non-interacting massless quark gas all these ob-
servables are unity (shown by the lines at high temper-
atures in Figure 1). At high temperatures, the shaded
regions indicate the ranges of values for these ratios as
predicted for the weakly interacting quasi-quarks from
the re-summed Hard Thermal Loop (HTL) perturbation
theory at the one-loop order [38, 39].
B. Baryon-Strangeness Correlations in
Free Hadron Resonance Gas
It is well known that at low temperature and chem-
ical potentials the QCD can be modelled as a gas of
uncorrelated hadrons, where interactions are included
through resonances [42]. These states are taken from
Particle Data Book [40]. As the interactions between
hadrons are suppressed, the contributions of individ-
ual hadrons to thermodynamics can be regarded as free
Boltzmann gas [3]. For a gas of uncorrelated hadron
resonances, from Eq. 13-16, the numerator receives con-
tributions from only (strange) baryons and anti-baryons,
while the denominator receives contributions also from
strange mesons [41, 42]. Eq. 13 can be written as:
RBS11 ≈ 3
〈Λ〉+ 〈Λ¯〉+ ...+ 3〈Ω−〉+ 3〈Ω¯+〉
〈K0〉+ 〈K¯0〉+ ...+ 9〈Ω−〉+ 9〈Ω¯+〉 . (28)
Ref [24] gives the Lattice QCD results for the appro-
priate combinations of up to fourth order cumulants of
net-strangeness fluctuations and their correlations with
net-baryon number and electric charge fluctuations and
shown in Fig. 1. The ratios of the second order cor-
relations χBS11 /χ
S
2 and χ
QS
11 /χ
S
2 are much closer to the
expectations for weakly interacting quasi-quarks, differ-
ing only around T-1.25Tc. while the HTL perturbative
expansion for ratios involving one derivate of the bary-
onic/electric charges (χXS11 /χ
S
2 and χ
XS
13 /χ
S
4 ) [43] starts
differing from the non-interacting quark gas limit [24]. It
is the same for those involving higher derivatives of the
baryonic /electric charges(χXS22 /χ
4
2 and χ
XS
31 /χ
S
4 ).
IV. Results
In this paper, we performed our calculations with
UrQMD model in the version 2.3 for Au+Au collisions
at
√
sNN= 7.7, 11.5, 19.6, 27, 39, 62.4, 200 GeV and
the corresponding event statistics are 35, 105, 106, 81,
133, 38 and 56 million, respectively [22]. The statisti-
cal errors are calculated by the formula that are derived
from the standard error propagations (see appendix VI).
To avoid auto-correlations, we define the centralities
5FIG. 2. Top panel: The baryon-strangeness correlations for the cases iv-x in the most central (0-5%) Au+Au collisions at√
sNN = 39 GeV from UrQMD model. Bottom panel: The centrality dependence of various order mixed-cumulants (C
BS
11 ,
CBS13 , C
BS
22 , C
BS
31 , C
BS
02 , C
BS
04 ) and ratios (R
BS
11 , R
BS
13 , R
BS
22 , R
BS
31 ) of iv-x at
√
sNN = 39GeV for Au+Au collisions from UrQMD
model.
with the charged particles within the pseudo-rapidity
0.5 < |η| < 1 and perform the analysis in the pseudo-
rapidity range (|η| < 0.5). For the B-S correlations, we
include the particles p, n, K+, K0, Λ, Σ−, Σ0, Σ+, Ξ−,
Ξ0, Ω− and their anti-particles. These particles can be
classified into strange baryons (Λ, Σ, Ξ, Ω), non-strange
baryons (p,n) and strange mesons (K,K0). In order to
study the contributions of various hadron species to the
baryon-strangeness correlations, we consider the B-S cor-
relations with the following combinations of hadrons:
(i) Net-P vs. Net-K: Only p, p¯, K+, K− are included;
(ii) Net-P vs. Net-Λ: Only p, p¯, Λ, Λ¯ are included;
(iii) Net-Λ vs. Net-K: Only Λ, Λ¯, K+, K− are included;
(iv) B-S (all particles): p, n, K+, K0, Λ, Σ, Ξ, Ω and
their anti-particles are included.
(v) B-S (excl. strange baryon ): Only p, n, K+, K0 are
included;
(vi) B-S (excl. Λ, Λ¯): Only p, n, K+, K0, Σ, Ξ, Ω and
their anti-particles are included.
(vii) B-S (excl. non-strange baryon): Only K+, K0, Λ,
Σ, Ξ, Ω and their anti-particles are included.
(viii) B-S (excl. p, p¯): Only n, K+, K0, Λ, Σ, Ξ, Ω and
their anti-particles are included.
6FIG. 3. Left panel: The correlation between net-baryon and net-strangeness of i-iv at
√
sNN = 39GeV for most central (0-5%)
Au+Au collision from UrQMD model. Right panel: The centrality dependence of mixed-cumulants (CBS11 , C
BS
13 , C
BS
22 , C
BS
31 ,
CBS02 , C
BS
04 ) and ratios (R
BS
11 , R
BS
13 , R
BS
22 , R
BS
31 ) for i-iv at
√
sNN = 39GeV for Au+Au collisions from UrQMD model.
(ix) B-S (excl. strange meson): Only p, n, Λ, Σ, Ξ, Ω
and their anti-particles are included.
(x) B-S (excl. K+, K−): Only p, n, K0, Λ, Σ, Ξ, Ω
and their anti-particles are included.
Figure 2 shows the centrality dependence for the cases
iv-x in the Au+Au collisions at
√
sNN = 39 GeV from
UrQMD model. The top panels of Fig. 2 displays the two
dimension correlations for the cases iv-x for most central
(0-5%) Au+Au collisions. To quantify the correlation
strength, we calculated the standard correlation coeffi-
cient for each case. In statistics, the correlation coeffi-
cient (ρ) is a measure of the linear dependence between
two variables X and Y , and it is the covariance of the
two variables divided by the product of their standard
deviations. It is defined as
ρX,Y =
cov(X,Y )
σXσY
=
〈(X − 〈X〉)(Y − 〈Y 〉)〉√〈X2〉 − 〈X〉2√〈Y 2〉 − 〈Y 〉2 .
Where cov(X,Y ) is the covariance between random vari-
ables X and Y . The σX and σY are the standard de-
viation of X and Y, respectively. The definition gives a
value between +1 and -1, where a value of 1 represents
strong correlation, value of 0 indicates no linear correla-
tion, and value of -1 gives perfect anti-correlation. These
two dimension plots indicate that most of the cases are
anti-correlated and dominated by the strange baryons,
such as Λ. The bottom panels of Fig. 2 show the central-
ity dependence of mixed-cumulants (CBS11 , C
BS
13 , C
BS
22 ,
CBS31 , C
BS
02 , C
BS
04 ) and ratios (R
BS
11 , R
BS
13 , R
BS
22 , R
BS
31 ) for
the cases iv-x in Au+Au collisions at
√
sNN = 39 GeV. It
is found that the CBS11 , C
BS
13 and C
BS
31 have negative val-
ues, while CBS22 have positive values. A strong centrality
dependence for the baryon-strangeness (B-S) correlations
for the cases vi-x is observed. By comparing the case iv
with v, we find that the strange baryons have significant
contributions to the baryon-strangeness correlations, and
the strange mesons (K± and K0) contribute significantly
to strangeness fluctuations of the case ix [15]. When
the strange baryons are excluded from the B-S correla-
tions, the mixed-cumulant ratios are much smaller than
the case with all particles and has values close to zero.
On the other hand, when the strange mesons are excluded
from the B-S correlations, the values of the ratios (RBS11 ,
RBS13 , R
BS
22 , R
BS
31 ) become larger than the case with all
particles. Furthermore, the results from the case where
the non-strange baryons are not included is very close to
the results from the case with all particles included. This
indicates that the non-strange baryons have little con-
tributions to the baryon strangeness correlations. Since
these ratios show weak centrality dependence, we will
only consider the most central (0-5%) collision centrali-
ties for the energy dependence.
Figure 3 shows the centrality dependence of B-S corre-
lations for the cases: i-iv in Au+Au collisions at
√
sNN
= 39 GeV. The left panels of Fig. 3 show the correlations
for different cases in the most central (0-5%) Au+Au
collisions. The right panels of Fig. 3 show the central-
ity dependence of mixed-cumulants (CBS11 , C
BS
13 , C
BS
22 ,
CBS31 , C
BS
02 , C
BS
04 ) and ratios (R
BS
11 , R
BS
13 , R
BS
22 , R
BS
31 ) for
the cases i-iv. In the two dimension plots, we find that
the net-baryon versus net-strangeness shows strong anti-
correlations. If the strange baryons are excluded, for eg.
the net-proton and net-kaon correlations are almost in-
dependent with each other (ρ ∼ 0). It indicates that the
strange baryons play an important role and have signif-
7FIG. 4. The energy dependence of mixed-cumulants and ra-
tios of the cases i-iv for most central (0-5%) Au+Au collisions
from UrQMD model.
icant contributions to the B-S correlations. In the B-S
correlations with all particles, the CBS11 , C
BS
13 and C
BS
31
show negative values and monotonically decrease with
increasing of the number of participant nucleons in the
collisions, while the CBS22 have large and positive values
for all of the cases. Interestingly, the ratios RBS11 , R
BS
13 ,
RBS22 and R
BS
31 with all particles included show weak cen-
trality dependence and are comparable with the Lattice
QCD results shown in the Fig. 1. In the left panels of
Fig. 3, the net-proton and net-Λ, net-K and net-Λ show
finite positive correlations. This can be understood in
terms of the baryon stopping and associate productions
of the K+ and Λ. Their mixed-cumulants are positive
values, but the ratios RBS11 , R
BS
13 and R
BS
31 are negative.
Furthermore, the variance of the fluctuation of net-Λ is
much smaller than the variance of net-kaon distributions.
This leads to bigger deviation from zero for the proton-Λ
than kaon-Λ correlations.
Figure 4 shows the energy dependence of the mixed-
cumulants and ratios for the cases i-iv in the most central
(0-5%) Au+Au collisions from UrQMD model. In the B-
S correlation including all particles, the mixed-cumulants
CBS11 , C
BS
13 , C
BS
31 are negative and show weak energy de-
pendence, while the CBS02 , C
BS
04 and C
BS
22 are positive
and monotonically increase with increasing energy. On
the other hand, the ratios (RBS11 , R
BS
13 , R
BS
22 ) show weak
energy dependence but the ratio RBS31 decreases at low
energies. This decreasing trend of the RBS31 are also ob-
served in the correlations between net-proton and net-
kaon, which might originate from the associate produc-
tion of K+ by the reaction channel NN → NYK, where
N is nucleon and Y is hyperon. The trends of these
ratios for the correlations between net-proton and net-
Λ are opposite to the trends observed in the net-kaon
and net-Λ correlations. For the two cases, the mixed-
cumulant ratios RBS11 , R
BS
13 and R
BS
31 are negative, R
BS
22
is positive, but higher order ratios RBS22 and R
BS
31 have
larger value. To demonstrate the energy dependence of
the second order ratio RBS11 more clearly, we plot R
BS
11
as a function of energy in the bottom panels of Fig. 4.
It is found that when all particles are considered or only
proton and lambda are included, the RBS11 decreases with
increasing energy, while we observe different trends for
the other two cases. At low energy, the higher order ra-
tio RBS31 becomes small for i (Net-p vs. Net-K) and iv
(Net-B vs. Net-S), the main reason is probably because
that at low energy, the baryon stopping of protons and
associate kaon production play important roles.
Figure 5 shows the energy dependence of various order
mixed-cumulants and ratios of the baryon-strangeness
correlations for the cases iv-x for the most central (0-
5%) Au+Au collisions from UrQMD model. By exclud-
ing the non-strange baryons from the B-S correlations,
we find that the values of ratios RBS11 , R
BS
13 , R
BS
22 , R
BS
31
are finite and monotonically increases with decreasing
collision energy, it is comparable with the results from
Lattice QCD at low temperature (Lattice QCD results
shown in Fig. 1). For the RBS11 , the case including all
particles are very close to the one excluding non-strange
baryons or protons, while they are different for RBS31 . It
means the non-strange baryons have small effects on the
second order ratio RBS11 , while have large effects on the
higher order ratio. However, if we exclude the strange
baryons or Λ, the values of baryon-strangeness correla-
tions are close to zero at high energies. It indicates that
the strange baryons, especially the Λ baryons, carry sig-
nificant information and play an important role for theB-
S correlations. Especially, the RBS31 show large increase
at low energy. It probably because that Λ is the light-
est strange baryon and contributes most significantly to
the baryon-strangeness correlations. When the K+, K−
are excluded, there are large impacts on the higher order
ratio RBS31 at low energies. The ratio becomes negative,
which is probably due to the kaon associate production
at low energy. There is a strong correlation between pro-
tons and kaons as shown in the Fig. 4. If we remove
the kaons from the B-S correlations, the correlations be-
tween proton and Λ will dominate the B-S correlations,
which is negative.
V. Summary
We have analysed the centrality and energy depen-
dence of the baryon-strangeness (B-S) correlations in
Au+Au collisions at
√
sNN = 7.7, 11.5, 19.6, 27, 39,
62.4 and 200 GeV from UrQMD model. The B-S cor-
relations are studied via various order mixed-cumulants
and corresponding ratios. The B-S correlations are stud-
8FIG. 5. The energy dependence of various order mixed-cumulants (CBS11 , C
BS
13 , C
BS
22 , C
BS
31 , C
BS
02 , C
BS
04 ) and ratios (R
BS
11 , R
BS
13 ,
RBS22 , R
BS
31 ) of iv-x at
√
sNN = 7.7, 11.5, 19.6, 27, 39, 62.4 and 200 GeV for the most central (0-5%) Au+Au collision from
UrQMD model.
ied via various order mixed-cumulants and corresponding
ratios. Such a study provides the following important fea-
tures: (1) Provides an expectation from a non-CP based
model on B-S correlations. The model incorporates stan-
dard physics related to baryon number, strangeness num-
ber and charge conservation. It also models the baryon
stopping at lower beam energies. In addition it incor-
porates resonances, their decay and particle interactions
in a hadronic matter. (2) The UrQMD model in this
paper is treated as data-like and we have discussed the
ways to construct feasible B-S correlations which can be
experimentally measured. (3) The B-S correlations re-
sults presented in this paper from the analysis of UrQMD
model data as one would have carried out in a manner as
one would do it using the real experimental data. It has
been done using typical acceptance cuts, avoiding auto-
correlations while choosing the particle multiplicity used
to define the collision centrality and to calculate the cor-
relations, derive the expressions for the statistical errors
for such correlations etc. Our results presented in this
paper provides a methodology to look at the experimen-
tal data.
We have presented the B-S correlations by excluding
different hadron species, we have studied ten different
cases: i-x. In these studies, we observed strong correla-
tions between Net-Proton, Net-Λ at low energies, which
could be related to the baryon stopping and associated
production of the hyperons and kaons. The various re-
sults of the mixed-cumulants and ratios obtained from
UrQMD calculations show a weak centrality dependence.
As far as the energy dependence is concerned, we observe
that the strange-baryons and strange-meson have signifi-
cant contributions to baryon-strangeness correlations and
various order mixed-cumulant ratiosRBS13 , R
BS
13 , R
BS
22 and
RBS31 , especially at low energy. When strange-baryons are
excluded from the B-S correlations, the values are rela-
tively small and close to zero. It is found that the model
results are also comparable with the Lattice QCD calcu-
lations at low temperature. Thus our studies presented
in this paper has provided the expectations on the inter-
play of baryon stopping and kaon associate production
to B-S correlations at different collision energies from the
UrQMD model. It also provides a baselines for the B-S
correlations as an observable to search for the signals of
the QCD phase transition and critical point in heavy-ion
collisions.
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VI. APPENDIX: Statistical Error Calculations
It is well known that the variance of statistic Φ(X1, X1...Xm) can be expressed in terms of the following [44]:
V (Φ) =
m∑
i=1,j=1
(
∂Φ
∂Xi
)(
∂Φ
∂Xj
)Cov(Xi, Xj). (29)
And the covariance of the multivariate moments can be written as [45]:
Cov(fi,j , fk,h) =
1
N
(fi+k,j+h − fi,jfk,h). (30)
where N is the number of events, fi,j = 〈BiSj〉 and fk,h = 〈BkSh〉 are the joint moments of net-baryon and
net-strangeness.
We use Fm,n to present the mixed-central moments,
Fm,n = 〈(δB)m(δS)n〉 =
m∑
i=0
n∑
j=0
CimC
j
n(−1)m+n−i−jfm−i1,0 fn−j0,1 fi,j , (31)
The partial derivation of Fm,n to its variable fi,j is:
Dm,n,i,j =
∂Fm,n
∂fi,j
=
m∑
i=0
n∑
j=0
CimC
j
n(−1)m+n−i−jfm−i1,0 fn−j0,1 , (32)
The various order mixed-cumulant ratios can be expressed by the terms of joint moments:
RBS11 = −3
CBS11
CBS02
= −3F1,1
F0,2
= −3f1,1 − f0,1f1,0
f0,2 − f20,1
, (33)
RBS13 = −3
CBS13
CBS04
= −3F1,3 − 3F1,1F0,2
F0,4 − 3F 20,2
= −3f1,3 − 3f1,2f0,1 + 6f1,1f
2
0,1 + 6f1,0f0,2f0,1 − 3f1,1f0,2 − 6f1,0f30,1 − f1,0f0,3
f0,4 − 4f0,3f0,1 − 3f20,2 + 12f0,2f20,1 − 6f40,1
, (34)
RBS22 = 9
CBS22
CBS04
= 9
F2,2 − 2F 21,1 − F0,2F2,0
F0,4 − 3F 20,2
= 9
−6f20,1f21,0 + 2f0,2f21,0 + 8f0,1f1,0f1,1 − 2f21,1 − 2f1,0f1,2 + 2f2,0f20,1 − f2,0f0,2 − 2f0,1f2,1 + f2,2
f0,4 − 4f0,3f0,1 − 3f20,2 + 12f0,2f20,1 − 6f40,1
, (35)
RBS31 = −27
CBS31
CBS04
= −27F3,1 − 3F1,1F2,0
F0,4 − 3F 20,2
= −27f3,1 − 3f2,1f1,0 + 6f1,1f
2
1,0 + 6f1,0f2,0f0,1 − 3f1,1f2,0 − 6f0,1f31,0 − f0,1f3,0
f0,4 − 4f0,3f0,1 − 3f202 + 12f0,2f20,1 − 6f40,1
. (36)
The partial derivation of RBS11 to its variable fi,j is:
∂RBS11
∂fij
=
∂RBS11
∂F1,1
∂F1,1
∂fi,j
+
∂RBS11
∂F0,2
∂F0,2
∂fi,j
=
−3
CBS02
D1,1,i,j +
3CBS11
(CBS02 )
2
D0,2,i,j . (37)
The variance of observable RBS11 :
V (RBS11 ) =
1∑
i,k=0
2∑
j,h=0
∂RBS11
∂fi,j
∂RBS11
∂fk,h
Cov(fi,j , fk,h). (38)
The error of observable RBS11 :
Error(RBS11 ) =
√
V (RBS11 ). (39)
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The partial derivation of RBS13 to its variable fi,j is:
∂RBS13
∂fi,j
=
∂RBS13
∂F1,3
∂F1,3
∂fi,j
+
∂RBS11
∂F1,1
∂F1,1
∂fi,j
+
∂RBS11
∂F0,4
∂F0,4
∂fi,j
+
∂RBS11
∂F0,2
∂F0,2
∂fi,j
=
−3
CBS04
D1,3,i,j +
3CBS02
CBS04
D1,1,i,j +
3CBS13
(CBS04 )
2
D0,4,i,j +
9CBS11 C
BS
04 + 18C
BS
13 C
BS
02
(CBS04 )
2
D0,2,i,j . (40)
The variance of observable RBS13 :
V (RBS13 ) =
1∑
i,k=0
4∑
j,h=0
∂RBS13
∂fi,j
∂RBS13
∂fk,h
Cov(fi,j , fk,h). (41)
The error of observable RBS13 :
Error(RBS13 ) =
√
V (RBS13 ). (42)
The partial derivation of RBS22 to its variable fi,j is:
∂RBS22
∂fi,j
=
∂RBS22
∂F2,2
∂F2,2
∂fi,j
+
∂RBS22
∂F2,0
∂F2,0
∂fi,j
+
∂RBS22
∂F1,1
∂F1,1
∂fi,j
+
∂RBS22
∂F0,4
∂F0,4
∂fi,j
+
∂RBS22
∂F0,2
∂F0,2
∂fi,j
=
9
CBS04
D2,2,i,j +
−9CBS02
CBS04
D2,0,i,j +
−36CBS11
CBS04
D1,1,i,j +
−9CBS22
(CBS04 )
2
D0,4,i,j +
9CBS20 C
BS
04 + 54C
BS
02 C
BS
22
(CBS04 )
2
D0,2,i,j .
(43)
The variance of observable RBS22 :
V (RBS22 ) =
2∑
i,k=0
4∑
j,h=0
∂RBS22
∂fi,j
∂RBS22
∂fk,h
Cov(fi,j , fk,h).
(44)
The error of observable RBS22 :
error(RBS22 ) =
√
V (RBS22 ). (45)
The partial derivation of RBS31 to its variable fi,j is:
∂RBS31
∂fi,j
=
∂RBS31
∂F3,1
∂F3,1
∂fi,j
+
∂RBS31
∂F2,0
∂F2,0
∂fi,j
+
∂RBS31
∂F1,1
∂F1,1
∂fi,j
+
∂RBS31
∂F0,4
∂F0,4
∂fi,j
+
∂RBS31
∂F0,2
∂F0,2
∂fi,j
=
−27
CBS04
D3,1,i,j +
81CBS11
CBS04
D2,0,i,j +
81CBS20
(CBS04 )
2
D1,1,i,j +
27CBS31
(CBS04 )
2
D0,4,i,j +
−162CBS02 CBS31
(CBS04 )
2
D0,2,i,j .
(46)
The variance of observable RBS31 :
V (RBS31 ) =
3∑
i,k=0
4∑
j,h=0
∂RBS31
∂fi,j
∂RBS31
∂fk,h
Cov(fi,j , fk,h).
(47)
The error of observable RBS31 :
Error(RBS31 ) =
√
V (RBS31 ). (48)
